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ABSTRACT: Existing models of the ferrocyanide−iodate−sulfite (FIS) reaction seek to
replicate the oscillatory pH behavior that occurs in open systems. These models exhibit
significant differences in the amplitudes and waveforms of the concentration oscillations of
such intermediates as I−, I3

−, and Fe(CN)6
3− under identical conditions and do not include

several experimentally found intermediates. Here we report measurements of sulfite
concentrations during an oscillatory cycle. Knowing the correct concentration of sulfite
over the course of a period is important because sulfite is the main component that
determines the buffer capacity, the pH extrema, and the amount of oxidizer (iodate)
required for the transition to low pH. On the basis of this new result and recent
experimental findings on the rate laws and intermediates of component processes taken
from the literature, we propose a mass action kinetics model that attempts to faithfully
represent the chemistry of the FIS reaction. This new comprehensive mechanism
reproduces the pH oscillations and the periodic behavior in [Fe(CN)6

3−], [I3
−], [I−], and

[SO3
2−]T with characteristics similar to those seen in experiments in both CSTR and

semibatch arrangements. The parameter ranges at which stationary and oscillatory behavior is exhibited also show good
agreement with those of the experiments.

1. INTRODUCTION

Oscillatory chemical reactions lie at the heart of explaining such
striking phenomena as neuronal oscillations1 and geological
patterns.2 One of the most important chemical oscillators to
serve as a model system for such temporal and spatiotemporal
behavior is the ferrocyanide−iodate−sulfite (FIS) reaction, yet
the currently available mechanisms proposed to explain the
dynamics of the FIS reaction fail to encompass two exotic but
experimentally detected intermediates, ISO3

− and Fe-
(CN)5CNSO3

4−, which were demonstrated to participate in
the component reactions of this important oscillator. Here we
present a comprehensive mechanism of the FIS oscillator that
includes these known-to-exist intermediates.
The FIS system belongs to the large family of pH-regulated

oscillators. Besides producing high-amplitude pH oscillations
(ΔpH >3.5) in a continuously fed stirred tank reactor (CSTR),
it is used as a foundation for producing other interesting
nonlinear phenomena. When a layer of acrylamide gel is fed by
an adjacent CSTR containing the FIS reaction mixture,
labyrinthine patterns, interacting chemical waves, and self-
replicating spots are seen in the gel layer.3−7 The FIS reaction
has been employed as a core oscillator to induce oscillations in
species such as Ca2+ and other nonredox species.8 pH-
responsive gels immersed in a CSTR fed with a mixture of
iodate and sulfite undergo periodic contraction and expansion:
Chemical energy is transduced to physical work.9

The FIS reaction and its subsystems have been studied by
many authors, and a great deal of experimental data have been
published. Models of this system have been proposed with the

common goal of replicating the pH oscillatory behavior that
occurs in open systems (CSTR or semibatch reactor). Although
the concentrations of other intermediates were reported to
undergo periodic variation as well, these more recent
experimental results have not been incorporated in previous
models. When existing models, incorporating measured rate
parameters, are used to simulate (1) periods and amplitudes of
pH oscillations and (2) the waveforms of the oscillations in
[I−], [I3

−], and [Fe(CN)6
3−], significant differences arise

between the theoretical model and the experimentally observed
oscillator. The reducing agent, SO3

2−, must oscillate as well;
consequently, we carried out and present new measurements of
sulfite concentrations recorded over an oscillatory cycle. Sulfite
is the component that determines the buffer capacity of the
reaction mixture, the peak pH values, and the amount of
oxidizer (iodate) required for the transition to low pH. The
accumulation of iodide ions plays an important role in
determining the dynamics of the FIS reaction in semibatch.
Here we provide experimental evidence that the presence of
iodide ions affects the bistability exhibited by a component
process, the Landolt reaction run in a CSTR. On the basis of
these new results and recent experimental results from the
literature, we propose a mass action kinetics (MAK) model that
includes a larger set of intermediates and a more detailed
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mechanism of the component processes, and thus it represents
the chemistry of the FIS reaction more accurately.
In Section 2 we present salient technical features of the major

background studies of the FIS oscillator, and in Section 3 we
present our new experimental results. We then report our
approach to modeling the subsystems in Section 4. Finally, we
show the dynamics that the full model exhibits in Section 5.
Section 6 closes with a brief conclusion.

2. BACKGROUND
Chemical systems that display regular oscillations in pH with
amplitudes greater than 2 are considered pH oscillators or pH-
regulated oscillators.10 The oscillatory ferrocyanide−sulfite−
iodate reaction is a prototypical pH oscillator. It is based on
sulfur chemistry just like the majority of oscillators in this class.
The FIS reaction requires an open system to exhibit sustained
high-amplitude pH oscillations (Figure 1a), which take place
when reactants at suitable concentrations are pumped into a
CSTR at the correct flow rate (k0).

Color oscillations−sharp transitions from pale yellow to
brown, followed by bright yellow that gradually faded away
were ascribed to the formation of iodine, followed by that of
hexacyanoferrate(III).12 The concentration of Fe(CN)6

3− can
be selectively monitored by visible spectrophotometry at its
absorption peak (Figure 1b).4 Potential versus time traces of
the iodide-selective electrode indicate that [I−] undergoes
oscillation as well11 (Figure 1a).
When a mixture of Na2SO3 and H2SO4 is slowly fed into a

batch mixture of NaIO3 and K4Fe(CN)6 in a thermostated
stirred semibatch reactor13 (Figure 2a), pH oscillations
commence after an induction period. This initial delay was

shown to result from the low initial [I−]: by adding KI to the
batch mixture this induction period was eliminated (Figure 2b).
The gradual change of the waveforms in Figure 2b,c, was
attributed to the slow accumulation of Fe(CN)6

3−.13

Besides the domains of the steady states at high pH (SSI)
and low pH (SSII) and those where bistability occurs (BIST),
there is a broad region of oscillatory behavior in the k0−
[Fe(CN)6

4−]0 phase plane (Figure 3a).11,12 The cycle lengths
(T) and the amplitudes strongly depend on the feed
concentration of H2SO4, as shown in Figure 3b.11

Models were designed to reproduce the main characteristics
and regimes of the pH oscillations and those of the stationary
and bistable states.11,13−16 The understanding of the underlying
chemistry can be further tested by examining the oscillatory
behavior of the intermediates found in the models. While the
main features of the oscillatory dynamics can be explained using
simpler empirical rate law (ERL) models, the MAK approach is
better suited for studying the dynamics of the intermediates. In
Table 1 we summarize the experimental observations and the

Figure 1. Oscillations in pH, [I−], and optical density in the FIS
reaction. (a) [KIO3]0 = 75 mM, [Na2SO3]0 = 89.3 mM, [K4Fe(CN)6]0
= 25 mM, [H2SO4]0 = 3.5 mM, k0 = 2.5 × 10−3 s−1, 40 °C.11 (b)
[NaIO3]0 = 75 mM, [Na2SO3]0 = 89.3 mM, [K4Fe(CN)6]0 = 25 mM,
[H2SO4]0 = 4.375 mM, k0 = 9.26 × 10−4 s−1, 35 °C, optical path
length: 0.9 cm.4 Notation []0 indicates reactant concentrations diluted
to reactor volume (Vreactor). The flow rate k0 is defined as k0 = Qflow/
Vreactor where Qflow is the volumetric flow rate.

Figure 2. (a) Preoscillatory period and pH oscillations in a semibatch
reactor. Solution of 200 mM Na2SO3 containing 5 mM H2SO4 is
flowed at 12 mL/h into 200 mL of a solution containing 100 mM
NaIO3 and 20 mM K4Fe(CN)6, 40 °C. (b) Batch contains, besides
iodate and ferrocyanide, 30 mM KI. Other conditions as in panel a. (c)
Batch contains, besides iodate and ferrocyanide, 30 mM KI and 5 mM
K3Fe(CN)6. Other conditions as in panel a.13
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performance of each model at parameter values identical to
those of the experiments.
We have refined the chemical mechanism of the FIS

oscillator by establishing the changes in the concentrations of
other intermediates, improving the understanding of the
chemistry of the subsystems, and implementing interactions
between the different subsystems. Our new model includes
more recent findings on the subsystems available in the
literature and more faithfully represents the mechanism of the
FIS oscillator.

3. EXPERIMENTAL SECTION
3.1. Reactants and Experimental Setup. Solutions were

prepared from the following analytical-grade chemicals without
further purification: KIO3 (Sigma-Aldrich), K4Fe(CN)6·3H2O
(Fisher), K3Fe(CN)6 (Fisher), KI (Baker), potassium hydrogen
phthalate (Baker), ammonium hydroxide (29%, Fisher), o-
phthalaldehyde (98%, Alfa Aesar), Na2B2O7·7H2O (Fisher),

Na2SO3 (98+%, Acros), H2SO4 (10N, Fisher), KI (Baker), and
deionized water. Buffer solutions of KH-phthalate (pH 4.005)
and borax (pH 9.18), and reactant solutions containing the
hexacyanoferrates, sodium sulfite, ammonia, and o-phthalalde-
hyde were prepared daily; hexacyanoferrate(II and III)
solutions were stored in brown glass containers after
preparation.
Three reactant feed stock solutions: “A” (KIO3), “B”

(Na2SO3), and “C” (K4Fe(CN)6 and H2SO4) were continu-
ously pumped into a sealed beaker of volume 20.0 mL using a
peristaltic pump (Gilson Minipuls 3). The reaction mixture was
thermostated (Fisher Isotemp Model 70) and was stirred at
rates between 500 and 800 rpm using a magnetic stirrer
(Scinics Instruments, Multistirrer MC 301). Excess reaction
mixture was removed via a PTFE tube pinned to an overflow
hole on the top of the reactor. The PTFE tube was connected
to a suction flask that was under vacuum generated by an
aspirator pump (VAC, Cole Parmer -75301). Oscillations were
followed by monitoring the signal of a pH probe (Thermo
Orion 9106 BNWP) connected to a pH meter (Oakton pH-
510). The analog output of the pH meter was attached to a
personal computer via a high precision multichannel data
acquisition board (National Instrument NI-6310); the potential
signal was acquired at a rate of 2 Hz by a custom-designed
application implemented using LabView.17 The pH versus time
series data were calculated from the recorded potential versus
time series data, and the electrode calibration curves were
obtained before starting the experiments.
Absorbances of solutions poured in 2.5 mL disposable

cuvettes (Plastibrand, optical path 1 cm) were measured against
a reagent blank using a Shimadzu UV-1650 PC, UV−vis
spectrophotometer.
Experimental data were processed using Origin 9.1 (64

bit).18 Ordinary differential equations were integrated using the
ode15s variable order solver for stiff problems (absolute
tolerance 10−12, relative tolerance 10−6) included in MAT-
LAB.19 The inflow of reactants and outflow of excess reaction
mixture in numerical calculations was represented by a term
d[X]/dt = k0([X]0 − [X]) for each species.

3.2. New Experimental Results. We have measured the
total sulfite concentration, [SO3

2−]T = [H2SO3] + [HSO3
−] +

[SO3
2−], over the course of an oscillatory cycle using a method

based on results from Genfa et al.20 and Abdel-Latif21 described
in detail in the Supporting Information (SI).
The [SO3

2−]T versus time plot in Figure 4 has three
characteristic sections: replenishment of sulfite by the flow (I)
and slow (II) and fast (III) declines due to the Landolt
reaction.22 The [SO3

2−]T minimum, which coincides with
pHmin, appears to be zero. The 36 mM [SO3

2−]T peak occurs

Figure 3. Phase diagrams in the (a) k0−[Fe(CN)64−]0 plane at 40 °C,
fixed concentrations: [IO3

−]0 = 75 mM, [SO3
2−]0 = 89.3 mM,

[H2SO4]0 = 4.5 mM. Symbols: oscillations (open circles), SSI (open
triangles), SSII (open inverted triangles), bistability (solid diamonds),
lines: phase boundaries.12 (b) Experimentally determined11 amplitudes
(blue line) and cycle lengths (solid blue squares), with reactant
concentrations as in Figure 1a, k0 = 2.5 × 10−3 s−1, and the
corresponding numerical results of our model: amplitudes (red dashed
line) and cycle lengths (solid red squares).

Table 1. Summary of Oscillation Characteristics in Experiments (Nominal Values) and Simulations Using Models with the
Parameters in Figure 1a

model (type)a reactor k0/s
−1 pH range (period) [I−]/mM [Fe(CN)6

3−]/mMb [SO3
2−]T/mMc

expt. CSTR 2.5 × 10−3 3.6−7.6 (14.5 min) 20−27 0−3 0−36
EGOE (MAK) CSTR 2.5 × 10−3 2.29−8.11 (14.6 min) 22−31 3.8−8.5 0−19
GS (ERL) CSTR 1.0 × 10−4 4.24−8.33 (45.8 min) 28−30 0.7−0.9 0−4.5
LE (MAK) CSTR 2.2 × 10−3 2.88−7.82 (22.9 min) 22−31 0−7.3 1.5−25
RKH (ERL) CSTR, semibatch 2.5 × 10−3 3.47−7.81 (21.7 min) 19−31 1−16 0−32

aModel names are acronyms corresponding to the first letters of the last names of the authors of referenced papers: EGOE,14 GS,11 LE,15 RKH.13
bCalculated values using parameters identical to those in the experiments in Figure 1b. cParameters are identical to those in Figure 4.
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shortly after pHmax, and its value is higher than the predictions
of existing models.
The peak [SO3

2−]T is reached 6 min after the pHmin, where
all sulfite is oxidized. Considering the inflow rate of sulfite, the
theoretical maximum [SO3

2−]T is 40.5 mM if no reaction
occurred; however, a small amount of sulfite reacts with
ferricyanide and iodate. By the end of period I, the reaction
mixture is almost colorless (very pale yellow), which means that
Fe(CN)6

3− is completely reduced at the SO3
2− peak. Assuming

[Fe(CN)6
3−] = 3 mM at pHmin,

4 1.5 mM of sulfite will be
oxidized to sulfate, raising [H+] by 3 mM. Part of the remaining
39 mM sulfite is protonated by the 6 mM H+ in the reaction
mixture (this includes the H2SO4 that is fed in). The calculated
pH of a HSO3

−/SO3
2− buffer solution of this composition is

7.99. The recorded pHmax value is 7.94, and thus the
experimentally measured peak [SO3

2−]T is reasonable. The
reaction with IO3

− and the fact that none of our discrete
measurement points was taken at the exact peak [SO3

2−]T may
account for the difference.

4. SUBSYSTEMS
Our proposed model of the FIS reaction is a composition of the
mechanisms of the following six subsystems: (4.1) Dushman
reaction,23 (4.2) reaction between I2 and SO3

2−, (4.3) Landolt
reaction, (4.4) I2−Fe(CN)64− reaction, (4.5) IO3

−−Fe(CN)64−
reaction, and (4.6) SO3

2−−Fe(CN)63− reaction. Here we
review these subsystems and propose extensions to their
mechanisms consistent with the experimental observations.
4.1. Dushman Reaction. This reaction is the source of the

rapid pH increase after pHmin; thus it participates in the
negative feedback.14,15 The net Reaction R1 is stoichiometric in
acidic medium (pH <3). It consumes 6 equiv of H+ and
produces 3 equiv of iodine when iodide is in excess over iodate.

+ + → +− − +IO 5I 6H 3I 3H O3 2 2 (R1)

Reaction R1 is limited by H+ mainly because [I−] is relatively
high (20−27 mM) during the oscillations11 in a CSTR.
Considerable uncertainty24−26 surrounds the order of Reaction
R1 with respect to [I−], which has led to a number of
investigations27−29 recently. During the stepwise reduction of
iodate, the oxidation state of iodine gradually decreases, and
oxyacids of iodine are produced30

→ → → →−IO I O (or H I O ) HIO HOI I3 2 2 2 2 3 2 2

To describe the rate of the Dushman reaction in the
moderately acidic medium of the FIS reaction, we adapted the

mechanism of Xie et al.,27 which contains elementary reactions
only: M1−M3, M5−M7 in Table 2.
We augmented this mechanism with the protonation

equilibrium of the weak acid HIO2 (M4) to account for the
partially protonated state of iodous acid at pH >3. The
concentrations of iodic acid and iodous acid are not explicit
variables in our model; they are calculated using the
protonation constants of their anions. Hypoiodous acid is a
very weak acid27 (pKa = 10), and its protonation is rapid.
Therefore, we only included the acidic form in our model.
As previously noted, Reaction R1 causes the pH to rise when

KI is added to an unbuffered acidic mixture containing KIO3.
The rate of the pH rise and the final pH are determined by the
initial [H+] and [I−]. In the FIS oscillator, the I2 that forms
through Reaction R1 participates in a rapid equilibrium with
iodide, producing I3

− (M7), or it may react with SO3
2− and

Fe(CN)6
4−. The two iodine species (I2 and I3

−) react at
different rates with the reductants (SO3

2−, HSO3
−, Fe(CN)6

4−,
HFe(CN)6

3−);32−35 therefore, we included equilibrium M7 in
our mechanism.

4.2. I2−SO3
2− Reaction. The rapid reaction between iodine

and sulfite is pH-dependent, and it proceeds through an
intermediate, ISO3

− (iodosulfite ion).36,37 The detailed
mechanism (Table 2) includes the rapid reactions of the
iodine (I2 and I3

−) and sulfite (SO3
2− or HSO3

−) species
(M10−M13), followed by the hydrolysis of ISO3

− (M14).
The first four steps cause the rate of the overall process to be

both [I−]- and [H+]-dependent. This detailed mechanism
contains an intermediate, ISO3

−, which is potentially present
during oscillations. M14 allows for a partial separation of the
autocatalytic production of I− and H+ during the positive
feedback.

4.3. Landolt Reaction. When KIO3 solution and a basic
sulfite/bisulfite solution are mixed, the Landolt clock reaction22

takes place. The pH versus time plot (Figure 5) shows a sharp
autocatalytic decrease in the pH, after which iodine appears,
accompanied by a gradual pH rise.
Essentially, H+ is liberated from HSO3

− by iodate during
autocatalysis. The subsequent iodine formation and the pH rise
occur due to the Dushman reaction. The autocatalytic pH drop
is the result of Reactions R2 and M8, in which the weak acid
HSO3

− is converted to a stronger acid, HSO4
−.

+ → + +− − − − +IO 3HSO I 3SO 3H3 3 4
2

(R2)

The Landolt reaction has been studied by many authors.38−40

Rab́ai et al.13 showed that the time it takes to reach the pHmin
(Landolt time) depends on the initial [I−]. Iodide is always
present during oscillations. Therefore, we tested if iodide ions
have an effect on the Landolt reaction when run in a CSTR. We
have determined the critical flow rate at which switching from
the high pH steady state to the low pH steady state takes place
when iodide is added to the feedstock (Figure 6).
When 20 mM iodide is present, the critical flow rate is shifted

toward higher values (k0 = 3.73 × 10−3 s−1) with respect to the
reference experiments without added iodide (k0 = 2.83 × 10−3

s−1). This finding may explain why accumulation of iodide ions
creates the induction period in the semibatch experiments.
The mechanism that we propose combines the Dushman

reaction and the protonation equilibrium of sulfite extended by
reactions M9 and M9a. This mechanism includes the
intermediate oxidation states of iodine, which we believe is a
more chemically reasonable representation of the six-electron
reduction process than the single step that was previously used.

Figure 4. pH versus time (blue solid line) and [SO3
2−]T (crossed

circles) versus time for a single cycle of the FIS reaction. [KIO3]0 = 75
mM, [Na2SO3]0 = 85.7 mM, [K4Fe(CN)6]0 = 25 mM, [H2SO4]0 =
3.25 mM, k0 = 2.08 × 10−3 s−1, 40 °C, 500 rpm. Calculated [SO3

2−]T
(red dashed line).
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The resulting dynamics are similar to those produced by the
ERL models.11,13 Additionally, the products of M9 and M9a are
intermediates of the Dushman reaction, allowing for cross-talk
between these processes.
Unambiguous identification of the reaction that causes the

Landolt time and the shift of the critical flow rate to depend on
the initial [I−] is beyond the scope of this paper. We propose a
reaction sequence that explains the observed effects of iodide.
An explicit [I−] dependence can be incorporated into our
model by assuming that M9a takes place through the
intermediate step (Reaction R3).

+ → +− − −IO HSO HOI SO2 3 4
2

(R3)

The net reaction of the sequence (M2 + M3 + M11 + R3 +
M14) is equivalent to M9a except that it contains iodide as a
reactant in M2 and M3. This iodide-dependent pathway of the
autocatalysis is represented by the term v9b = k9b[IO3][HSO3

−]-
[H+][I−]2 in our mechanism. We chose k9b so that the critical k0
values calculated using our mechanism lie within the range
determined experimentally (Figure 6).

4.4. SO3
2−−Fe(CN)63− Reaction. High-amplitude oscilla-

tions of the optical density at 420 nm (Figure 1b) are caused by
the periodic appearance and disappearance of ferricyanide.4

The reaction in which ferricyanide is reduced by sulfite was
omitted from most models because it was believed to have a
relatively small contribution to the oscillatory dynamics.11,14

Table 2. Reactions and Rate Parameters

reactions rate and equilibrium equations parameters

M127 + ≡+ −H IO HIO3 3 =
+

−

+ −K
[HIO ]

[IO ]
1 ( [H ]])3

3

H1
1

= −K 2.53 MH1
1

M227 + + ≡ ++ −HIO H I I O H O3 2 2 2 =

=

+ −v k

v k

[H ][I ]

[I O ]
2f 2f

2r 2r 2 2

= ×

=

− −

−

k

k

2.5 10 M s

40 s

2f
8 1 1

2r
1

M327 + → +− −I O I I IO2 2 2 2 = −v k [I O ][I ]3 3 2 2 = × −k k3.3 M3 2r
1

M4 + ≡− +IO H HIO2 2 =
+

−

+ −K
[HIO ]

[IO ]
1 ( [H ]])2

2

H4
1

= × −K 3.24 10 MH4
3 1

M531 + + →− +HIO I H 2HOI2 = − +v k [HIO ][I ][H ]5 5 2 = × − −k 1 10 M s5
9 2 1

M627 + + ≡ +− +HOI I H I H O2 2 =

=

− +v k

v k

[HOI][I ][H ]

[I ]
6f 6f

6r 6r 2

= ×

= ×

− −

−

k

k

4.4 10 M s

1.2 10 s

6f
12 2 1

6r
2 1

M727 + ≡− −I I I2 3 = =− −v k v
k
K

[I ][I ], [I ]7f 7f 2 7r
7f

I7
3

= ×

= ×

− −

−

k

K

5.6 10 M s

5.4 10 M

7f
9 1 1

I7
2 1

M814 + ≡− + −SO H HSO3
2

3 =

=

− +

−

v k

v k

[SO ][H ]

[HSO ]

8f 8f 3
2

8r 8r 3

= ×

= ×

− −

−

k

k

5 10 M s

8.34 10 s

8f
10 1 1

8r
3 1

M938 + → + +

+ → + +

− − + −

− − + −

HIO HSO IO 2H SO

IO 2HSO HOI H 2SO

3 3 2 4
2

3 3 4
2

=

=

=

−

− −

− −

v k

v k

v k

[HIO ][HSO ]

[IO ][HSO ]

[HIO ][HSO ][I ]

9 9 3 3

9a 9a 3 3
2

9b 9b 3 3
2

= ×

=

= ×

− −

− −

− −

k

k

k

2 10 M s

28 M s

1 10 M s

9
2 1 1

9a
2 1

9b
7 3 1

M1037 + → +− − −I SO ISO I2 3
2

3 = −v k [SO ][I ]10 10 3
2

2 = × − −k 3.1 10 M s10
9 1 1

M1137 + → + +− − − +I HSO ISO I H2 3 3 = −v k [HSO ][I ]11 11 3 2 = × − −k 1.7 10 M s11
9 1 1

M1237 + → +− − − −I SO ISO 2I3 3
2

3 = − −v k [SO ][I ]12 12 3
2

3 = × − −k 2.9 10 M s12
8 1 1

M1337 + → + +− − − − +I HSO ISO 2I H3 3 3 = − −v k [HSO ][I ]13 13 3 3 = × − −k 1.5 10 M s13
7 1 1

M1437 + → + +− − − +ISO H O SO I 2H3 2 4
2 = −v k [ISO ]14 14 3 = × −k 1.05 10 s14

3 1

M1534 + ≡ +− − − −·Fe(CN) SO Fe(CN) SO6
3

3
2

6
4

3 =

=

− −

− −·

v k

v k

[Fe(CN) ][SO ]

[Fe(CN) ][SO ]

15f 15f 6
3

3
2

15r 15r 6
4

3

=

=

− −

− −

k

k

0.6 M s

0.05 M s

15f
1 1

15r
1 1

M1634 + →− −· −Fe(CN) SO Fe(CN) CNSO6
3

3 5 3
4 = − −·v k [Fe(CN) ][SO ]16 16 6

3
3 = × −k k /5 1016 15r

3

M1734 + → + +− − − +Fe(CN) CNSO H O Fe(CN) SO 2H5 3
4

2 6
4

4
2 = −v k [Fe(CN) CNSO ]17 17 5 3

4 = × − −k 5 10 s17
4 1

M18 + → +− + − −Fe(CN) CNSO H HSO Fe(CN)5 3
4

3 6
3 = − +v k [Fe(CN) CNSO ][H ]18 18 5 3

4 = − −k 11 M s18
1 1

M1947 + ≡− + −Fe(CN) H HFe(CN)6
4

6
3 =

=

− +

−

v k

v k

[Fe(CN) ][H ]

[HFe(CN) ]

19f 19f 6
4

19r 19r 6
3

=

= ×

− −

−

k

k

10 M s

4.68 10 s

19f
10 1 1

19r
6 1

M2043 + → +− − −Fe(CN) I Fe(CN) I6
4

2 6
3

2 = −v k [Fe(CN) ][I ]20 20 6
4

2 = × − −k 3 10 M s20
3 1 1

M2148 + → +− − − −I I I I2 2 3 = −v k [I ]21 21 2
2 = × − −k 4 10 M s21

9 1 1

M22 + → + +− − − −I O 2Fe(CN) IO 2Fe(CN) I2 2 6
4

2 6
3 = −v k [I O ][Fe(CN) ]22 22 2 2 6

4 = − −k 60 M s22
1 1
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On the contrary, the accumulation of Fe(CN)6
3− was shown to

have a significant effect on the dynamics in semibatch
configuration.13 Therefore, this process is included in our
model.
The mechanism of this subsystem is radical-based,32−34 and

it involves a stable intermediate,41 Fe(CN)5CNSO3
4−. The

initial decrease in the pH versus time curves reported by Rab́ai
et al. can be reproduced using a mechanism composed of
M15−M17 and M19; however, the pH decrease is limited at
pH 4 in experiments,13 which this mechanism cannot
reproduce. We propose that the pH-dependent decomposi-
tion33 of Fe(CN)5CNSO3

4− may cause this, and we included
this reaction (M18) in our mechanism. In addition, we have
adjusted the measured32 rate constant of M15 to account for
the presence of alkali metal ions, which reportedly increase k15
significantly.42

4.5. Reaction between I2 and Fe(CN)6
4−. When iodine is

formed in the Dushman reaction at pHmin the reaction between
iodine and ferrocyanide subsequently takes place. When
ferrocyanide is in excess, the rate at which I2 is consumed
depends inversely on [I−], and the reaction is slower at low pH,
which suggests that I2 and Fe(CN)6

4− react directly.43 This
reaction was written as an equilibrium (Reaction R4), which
proceeds through two one-electron transfer steps that include
the intermediate I2

− in Reactions R4a and R4b.43

+ ≡ +− − −I 2Fe(CN) 2I 2Fe(CN)2 6
4

6
3

(R4)

+ ≡ +− − −I Fe(CN) I Fe(CN)2 6
4

2 6
3

(R4a)

+ ≡ +− − − −I Fe(CN) 2I Fe(CN)2 6
4

6
3

(R4b)

However, the oxidation of ferrocyanide by iodine is not a
dynamical equilibrium according to the following evidence
taken from the literature. When stoichiometric amounts of
ferrocyanide and iodine react in an oxygen-free medium,
appreciable amounts of iodine remain unreacted, while nearly
all ferrocyanide becomes oxidized. The equilibrium cannot be
reached from the opposite direction, that is, starting with
ferricyanide and excess iodide.43 The equilibrium constants of
Reactions R4a and R4b determined using electrochemical
methods did not agree with those obtained using kinetic
methods, and Reaction R4b (reverse) was found to be retarded
when ferrocyanide is present.44 Experimental data from
Reynolds43 and more recently by Majid and Howlett44 suggest
that the reaction between Fe(CN)6

4− and I2
− (Reaction R4b

forward) is slow.
Therefore, as an alternative to Reaction R4b we propose the

rapid disproportionation of I2
− (M21)45,46 to complete the

oxidation of Fe(CN)6
4− by I2. Overall, the net reaction in our

model displays similar dynamics as the combination of
Reactions R4a and R4b. It does not, however, lead to a
dynamical equilibrium, which is better supported by the
experimental observations.43,44

4.6. IO3
−−Fe(CN)64− Reaction. The direct reaction

between Fe(CN)6
4− and IO3

− was considered to be too slow
to make any contribution to the dynamics of the oscillatory FIS
system,11,12,14 but later it was suggested as the basis of an
alternative negative feedback.15

+ +

→ + +

− − +

− −

IO 6Fe(CN) 6H

I 6Fe(CN) 3H O
3 6

4

6
3

2 (R5)

In an unbuffered medium when iodide ions are also present
initially the pH drops rapidly, reaching a plateau with pH values
that depend on the initial [I−], similarly to the Dushman
reaction. However, when the reaction starts in an iodide-free
medium, the net Reaction R5 is autocatalytic:13 Gradual
increase in pH takes place after an initial delay caused by the
slow production of I−.13 The combination of the Dushman
reaction and the reaction between I2 and Fe(CN)6

4− could
explain the behavior when I− is initially present, but it cannot
account for the observed autocatalysis.
Sulfab and Elfaki49 studied the oxidation of ferrocyanide by

iodate when [IO3
−] ≪ [Fe(CN)6

4−] and pH <2.66. Their
experimental data reveals that the rate at which Fe(CN)6

3− is
produced does not depend on [IO3

−], which suggests that the
oxidation is not a direct reaction between iodate and
ferrocyanide. Therefore, when iodide ions are virtually absent
initially, some other intermediate must oxidize Fe(CN)6

4−. The
only reported reaction that could potentially take place is
oxidation by HOI at pH <1.48;43 however, this reaction is too
slow, and the required pH falls outside the pH range of the FIS
reaction.
We speculate that reagent impurities may play a role in the

observations of Sulfab and Elfaki. The iodide content of
unpurified analytical-grade potassium iodate is ∼10 ppm (7.5 ×
10−7 M).11 It is plausible to assume that the iodide impurity
reacts with iodate in acidic medium through M1−M3 to form
I2O2. Assuming that I2O2 reacts with ferrocyanide in M22, the
autocatalytic buildup of iodide can be explained. Together with
the protonation equilibrium of IO2

−, M5, the net reaction

Figure 5. Typical pH versus time trace of the Landolt reaction. Iodate
solution is added to a mixture of sodium sulfite and dilute sulfuric acid
at t = 2 min. [Na2SO3] = 86.5 mM, [H2SO4] = 5.06 mM, [IO3

−] =
71.5 mM, 30 °C.12

Figure 6. Bistability tests: [KIO3]0 = 71.5 mM, [Na2SO3]0 = 89.3 mM,
[K4Fe(CN)6]0 = 0 mM, [H2SO4]0 = 3.5 mM, 40 °C. Experiments:
[I−]0 = 0 mM (solid triangles), [I−]0 = 20 mM (solid squares). Model
calculations: [I−]0 = 0 mM (empty triangles), [I−]0 = 20 mM (empty
squares).
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between iodate and ferrocyanide consumes H+ and thus may
contribute to the negative feedback.
4.7. Acid−Base Equilibria and Alkali Metal Ions. All of

our reaction mixtures contain significant concentrations of
sodium and potassium ions, which are known to affect the
acid−base equilibria of sulfite50 and ferrocyanide.47 This
pointed us to further refinements of these equilibrium
constants.
In aqueous sodium sulfite solutions, S(IV) may be present in

the following forms: SO3
2−, HSO3

−, H2SO3 dissolved SO2, and
disulfite (S2O5

2−), which participate in dynamical equilibria that
involve H+. In the pH range of the oscillations the two
dominant species are SO3

2− and HSO3
−. We did not include

H2SO3 and its disproportionation in our model, as it has a
negligible effect on the oscillatory characteristics. In dilute
aqueous solution at 25 °C the acid dissociation constant of
HSO3

− is Ka(HSO3
−) = 5.49 × 10−8. Sodium ions compete

with H+ in the protonation of SO3
2− and cause HSO3

− to
appear to be a stronger acid. We therefore employ a higher
Ka(HSO3

−) value of 1.67 × 10−7 in our model.
The protonated forms of Fe(CN)6

4− are weak acids with
theoretical pKa values of 4.19, 2.65, −1.8, and −2.54
extrapolated to infinite dilution and 25 °C.51 Alkali metal
ions affect the protonation equilibria of hexacyanoferrate(II/
III) complexes as well.42,44 We use pKa(HFe(CN)6

3−) = 3.33 as
an approximate value in our model. Fe(CN)6

3− is unprotonated
in the relevant pH range.52 We do not correct the Ka values for
temperature, as thermodynamic data do not predict signifi-
cantly different values at the slightly elevated temperatures of
the experiments.11

5. DYNAMICS OF THE COMBINED SYSTEM
Simulated oscillations in pH, [I−], [I3

−], and [Fe(CN)6
3−] with

amplitudes, cycle lengths, and waveforms similar to those
recorded in CSTR experiments, are shown in Figure 7.

The simulated peak concentration of [SO3
2−]T matches the

measured values shown in Figure 4. Oscillations in [Fe-
(CN)6

3−] occur between 0.05 and 5 mM with reactant feed
parameters identical to those of Figure 1b. This is in reasonable
agreement with the experimental results reported by Lee et al.,3

considering that those were obtained at a lower temperature
(35 °C), where reactions are slower. The [I−] oscillations
produced by our model have higher amplitude than measured,
and the waveform exhibits a sharp peak that is not seen in
experiments (Figure 1b). We note that iodine species other
than iodide53 may interfere with the signal of the iodide-

selective electrode, which might obscure this transient in the
experiments. The rapid reduction of iodine causes 3 mM spikes
in the [I−] versus time plot to occur immediately after the
pHmin. Oscillations in [I3

−] with maximum values >1 mM agree
with the experimental observations. Iodine at this concentration
is visible to the naked eye due to the high molar absorptivities
of I3

− and I2.
54

The model exhibits the characteristic features of the
behaviors that the experimental system produces in semibatch
arrangement shown in Figure 2. Oscillations start only after an
induction period when no iodide or ferricyanide is present
initially (Figure 8a), but when the batch mixture in simulations
contains 30 mM I− pH oscillations begin immediately (Figure
8b).

The waveforms change as [Fe(CN)6
3−] accumulates (Figure

8a,b), but this does not occur if 5 mM Fe(CN)6
3− is present

initially (Figure 8c). The induction period is very sensitive to
initial conditions, and it is this experimental feature that is the
most difficult to reproduce. To start calculations with the initial
pH of the experiments, we assumed that part of the
hexacyanoferrate(II) is protonated. The amplitudes of simu-
lated oscillations in semibatch are somewhat higher than those
found in the experiments, and the ΔpH in simulations strongly
depends upon Ka(HSO3

−). Sodium ions gradually accumulate
in semibatch due to the feed of the solution with high
[Na2SO3], which causes the observed acidity constant of
HSO3

− to increase over time.50 In our model, we employ a
constant value of Ka(HSO3

−), which explains the difference in
amplitude.
The oscillatory regimes in the cross-shaped diagram in the

k0−[Fe(CN)64−]0 phase plane shown in Figure 9 agree
reasonably well with those previously determined experimen-
tally (compare Figures 9a and 3a and the oscillatory range
found experimentally in the OSC regime in Figure 9b).
As k0 increases from 1 × 10−3 to 4.6 × 10−3 s−1 (fixed

parameters are equal to those of Figure 7), the cycle length and
the amplitude of oscillation increase within the OSC domain. In
the same k0 range the peak values of [SO3

2−]T and
[Fe(CN)6

3−] increase from 13 to 35 mM and from 5 to 8

Figure 7. Numerical simulations of oscillatory behavior (a) pH (blue)
and log10[I3

−] (red) versus time and (b) [I−] (black), [Fe(CN)6
3−]

versus time (green). [IO3
−]0 = 75 mM, [SO3

2−]0 = 89.3 mM,
[Fe(CN)6

4−]0 = 20.4 mM, [H2SO4]0 = 4.5 mM, k0 = 2.2 × 10−3 s−1.

Figure 8. Calculated semibatch pH versus time traces with parameters
identical to those of the experiments in Figure 2, except [HFe-
(CN)6

3−] = 4.5 × 10−4 M. (a) [I−]0 = 0 mM, (b) [I−]0 = 30 mM, and
(c) [I−]0 = 30 mM and [Fe(CN)6

3−]0 = 5 mM.
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mM, respectively, but the minimum concentrations of both
species remain close to zero. The extrema of [I−] oscillations
follow an opposite trend: The maximum of 31 mM is relatively
unaffected, but the minimum decreases from 24 to 16 mM with
k0.
The concentrations of two of the newly incorporated

intermediates, ISO3
− and I2O2, also undergo high amplitude

oscillations that span several orders of magnitude. Although
[Fe(CN)5CNSO3

4−] is relatively high, with peaks around 2
mM, it varies by only a factor of ∼4. As previously noted, the
amplitudes of the pH oscillations in both CSTR and semibatch
strongly depend on the value of the acidity constant of HSO3

−.
A lower Ka(HSO3

−) yields oscillations with higher amplitudes
and pHmax values; however, the period remains largely
unaffected.
The cycle length depends strongly on [H2SO4]0 (Figure 3b)

and the rates of the reactions contributing to the positive
feedback, in particular, the value of k9a. When the flow
parameters are equal to those in Figure 7, the cycle length is
∼12 min in experiments, which is matched when k9a = 30 M−2

s−1. Rate constant k9a also determines the boundary between
domains OSC and SSII in the k0−[Fe(CN)64−]0 phase plane
(Figure 3a). According to the experimental data, this boundary
lies at k0 = 4 × 10−3 s−1, which is matched when k9a = 24 M−2

s−1. Our model with this lower k9a value produces oscillations
with longer periods (Figure 10).
Values of k9a above 28 M

−2 s−1 cause small amplitude ripples
to appear in the calculated semibatch pH versus time series
when I− and Fe(CN)4

3− are initially present. We found 28 M−2

s−1 to be the optimal value of k9a.
The rate constants of the reactions for negative feedback are

important parameters as well. The value of k2 directly affects
pHmin as well as the pH in SSII. Rate constant k22 must be >50
M−1 s−1 for oscillations to occur; however, as k22 increases, the
OSC regime in the k0−[H2SO4]0 plane expands toward higher
k0 and [H2SO4]0, and the boundary between OSC and SSII in

the k0−[Fe(CN)64−]0 phase plane shifts downward. We found
k22 = 60 M−1 s−1 to give good agreement with the experiments.

6. CONCLUSIONS

Chemical oscillators such as the ferrocyanide−iodate−sulfite
system are complex, and they contain a plethora of individual
steps that collectively generate oscillatory behavior under
favorable conditions. By integrating more recent experimental
data from the literature for the underlying chemical processes
and their mechanisms and by using experimental observations
from multiple publications we have refined the mechanism of
the oscillatory FIS reaction. This chemical mechanism includes
some newly incorporated intermediates and reaction steps to
faithfully reproduce the oscillatory behavior in CSTR and
semibatch. We acknowledge that this model could be simplified
by steady-state approximations; however, some of the fine
details that our mechanism is able to reproduce would likely be
lost. The characteristics of the simulated oscillatory behavior
are in good agreement with those experimentally determined.
In this paper we have focused on the temporal behavior, but
our model should be useful in simulating spatiotemporal
behavior as well, although extensive investigations may require
some simplification of the full model.
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line). Fixed parameters are equal to those in Figure 7.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b11152
J. Phys. Chem. A 2016, 120, 1951−1960

1958

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.5b11152
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5b11152/suppl_file/jp5b11152_si_001.pdf
mailto:epstein@brandeis.edu
http://dx.doi.org/10.1021/acs.jpca.5b11152


■ REFERENCES
(1) Dolnik, M.; Epstein, I. R. A Coupled Chemical Burster - the
Chlorine Dioxide Iodide Reaction in Two Flow Reactors. J. Chem.
Phys. 1993, 98, 1149−1155.
(2) L’Heureux, I. Self-Organized Rhythmic Patterns in Geochemical
Systems. Philos. Trans. R. Soc., A 2013, 371, 20120356.
(3) Lee, K. J.; McCormick, W. D.; Ouyang, Q.; Swinney, H. L.
Pattern-Formation by Interacting Chemical Fronts. Science 1993, 261,
192−194.
(4) Lee, K. J.; Swinney, H. L. Lamellar Structures and Self-Replicating
Spots in a Reaction-Diffusion System. Phys. Rev. E: Stat. Phys., Plasmas,
Fluids, Relat. Interdiscip. Top. 1995, 51, 1899−1915.
(5) Szalai, I.; De Kepper, P. Pattern Formation in the Ferrocyanide-
Iodate-Sulfite Reaction: The Control of Space Scale Separation. Chaos
2008, 18, 026105.
(6) Szalai, I.; De Kepper, P. Patterns of the Ferrocyanide-Iodate-
Sulfite Reaction Revisited: the Role of Immobilized Carboxylic
Functions. J. Phys. Chem. A 2008, 112, 783−786.
(7) Horvat́h, J.; Szalai, I.; De Kepper, P. An Experimental Design
Method Leading to Chemical Turing Patterns. Science 2009, 324,
772−775.
(8) Kurin-Csörgei, K.; Epstein, I. R.; Orbań, M. Systematic Design of
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